Abstract Fundamental characteristics of the aquaplanet climate simulated by the Community Atmosphere Model, Version 5.3 (CAM5.3) are presented. The assumptions and simplifications of the configuration are described. A 16 year long, perpetual equinox integration with prescribed SST using the model's standard 18 grid spacing is presented as a reference simulation. Statistical analysis is presented that shows similar aquaplanet configurations can be run for about 2 years to obtain robust climatological structures, including global and zonal means, eddy statistics, and precipitation distributions. Such a simulation can be compared to the reference simulation to discern differences in the climate, including an assessment of confidence in the differences. To aid such comparisons, the reference simulation has been made available via earthsystemgrid.org. Examples are shown comparing the reference simulation with simulations from the CAM5 series that make different microphysical assumptions and use a different dynamical core.
Introduction
Aquaplanets are idealized configurations of global atmospheric models in which the planetary surface is devoid of topography, land, and sea ice; i.e., water covered. Most commonly, the surface temperature is prescribed to be some simple, analytic distribution in latitude with no variation in longitude. Sometimes an interactive surface temperature is needed, which is usually achieved using a ''slab-ocean model,'' though a few examples of coupled ocean-atmosphere aquaplanets also exist [Marshall et al., 2007] . The utility of the aquaplanet configuration lies in its simplicity, as it removes interactions with the land surface and (in most applications) the zonal symmetry removes a dimension from the analysis allowing shorter integrations. While conceptually simpler than more realistic configurations, aquaplanet simulations can be surprisingly Earth like, providing a laboratory to facilitate understanding results from observations or more comprehensive simulations [Medeiros and Stevens, 2011 ]. Aquaplanets are a crucial level in the hierarchy of models needed to understand the climate system [note well , Held, 2005] . Aquaplanets are also useful for testing numerical aspects of the models, including sensitivity to resolution and interactions between resolved and parameterized scales [e.g., Williamson, 2008] .
In this paper, we present the aquaplanet configuration for the Community Atmosphere Model, Version 5.3 (CAM5.3), the atmospheric component of the Community Earth System Model (CESM), Version 1.2.2. As will be discussed, there is not a unique CAM5 aquaplanet, so we present one possibility which we propose as a reference to which other aquaplanet simulations can be compared. The major complication to the CAM5 aquaplanet is that CAM5 incorporates an interactive aerosol model with three size modes of aerosol driven by surface emissions. These aerosols interact with the (relatively simple) tropospheric chemistry and affect cloud condensation nuclei and therefore cloud characteristics. Determining aerosol emissions into an aquaplanet atmosphere depends on the application. To match the simplicity of the aquaplanet approach while supporting a suitably Earth-like climate-in particular, one that can be fairly compared with realistic configurations of the model-we remove aerosol-cloud interactions (ACI) and minimize aerosol-radiation interactions (ARI). We will present a comparison to an alternative approach to show that for most applications, the neglect of aerosol effects will suffice. configurations of the CAM aquaplanet have also appeared recently, such as radiative-convective equilibrium [Reed et al., 2015] , regionally refined grids [Zarzycki et al., 2014] , or interactive lower boundary conditions [Zhang et al., 2016] . To properly test such configurations, a nominal standard aquaplanet is likely to prove useful, and having a well-documented baseline configuration for comparison should facilitate model development. A number of studies have already used CAM5 physics in an aquaplanet configuration [e.g., above references; Koll and Abbot, 2013; Thatcher and Jablonowski, 2015; Wall and Hartmann, 2015] ; while these studies provide a wealth of information about various aspects of the simulations, their intention was not to describe a baseline configuration, and consequently none of them serve such a purpose.
We also note that aquaplanets have become a tool for model comparison [Blackburn et al., 2013; Williamson et al., 2013; Medeiros et al., 2015; Voigt and Shaw, 2015] . The reference simulation presented here adheres to the CMIP5/CFMIP2 recommendations to a large extent, which are based on one of the configurations in the AquaPlanet Experiment Project (APE) [see also Williamson et al., 2012] .
Developing the Aquaplanet Configuration
The chief goal of the present study is to develop and document the CAM5.3 aquaplanet configuration. The configuration begins with one of the widely used aquaplanet configurations of Neale and Hoskins [2000] , in which a family of analytical sea-surface temperature profiles are introduced. These prescribed SST distributions have been the basis for a number of studies, including the APE. For the experiments described here, a single SST distribution is used (called ''QOBS'' in Neale and Hoskins [2000] and the APE) which has a global average of 288 K, a maximum SST of 278C on the equator, falls to 08C at 608 latitude, and is maintained at 08C across the polar caps:
where / is latitude, u5 p 2 / / max ; / max 5 p 3 ; dT5T max 2T min ; T max 527, and T min 50. Sea ice is absent, orbital parameters are set to perpetual equinox conditions (eccentricity and obliquity set to zero), and the diurnal cycle is retained. Most physical parameters are retained from the host model (CESM1/CAM5), though a few are adjusted to follow previous aquaplanet configurations. The solar constant is set to 1365 W m 22 . The atmosphere's dry mass is adjusted to yield a global average dry-air surface pressure of 101,080 Pa; this value is determined by removing 25.006 kg m 22 of atmospheric water from a nominal global average sea level pressure of 101,325 Pa. Greenhouse gas concentrations are prescribed to constant values following the APE protocols except for CO 2 which was set to the model's default value of 367 ppm. A zonally and hemispherically symmetric latitude-height ozone distribution is used, the values of which are also taken from the APE [see Williamson et al., 2012, for details] .
In the APE, aerosols were specified to be radiatively inactive. For models using aerosol for cloud condensation, the aerosol distribution was specified to be based on the oceanic distribution and symmetric zonally and about the equator. With the introduction of a modal aerosol module in CAM5 [Liu et al., 2012] , aerosolcloud interaction (ACI) has become an important aspect of the simulated climate, and there are many open questions regarding aerosol effects that might be explored within the aquaplanet framework. For the reference simulation presented in section 3, however, aerosol effects are removed by specifying constant cloud droplet and crystal number concentrations (100310 6 m 23 and 0:1310 6 m 23 , respectively) to be used in cloud formation. Aerosols are removed from the simulation (i.e., emissions are set to zero), but a residual aerosol-radiation interaction remains from the diagnostic sea-salt emission that is a function of wind speed; additional model modifications are required to remove this effect, but because the magnitude is quite small, we choose to have a small aerosol direct effect rather than additional model modifications. For some applications, retaining aerosol effects may be preferred; a brief comparison to a simulation including ACI is presented in section 5.
CAM versions 5.0-5.3 (and is also the same dynamical core as CAM4), including the contributions to CMIP5 [e.g., Meehl et al., 2013] and the CESM Large Ensemble [Kay et al., 2015] and Medium Ensemble [Sanderson et al., 2015] projects (though those use slightly older versions of CAM than 5.3). Section 3 will present the mean climate and variability of the reference simulation, introducing a number of diagnostic quantities that describe features of the simulated climate. Following that, section 4 introduces some statistical measures based on the reference simulation that are included to inform additional experimental design decisions, in particular the required length necessary to achieve robust measures of the climate. The insights and results from those sections are then applied to a series of additional aquaplanet simulations: one that changes the aerosol assumptions, one that changes the cloud microphysics parameterization, and another that combines the microphysics change with a change in the dynamical core (section 5). The findings from this study are summarized in section 6. Figure 1 shows the 16 year zonal mean and standard deviation of annual average precipitation, zonal wind stress, surface pressure, and total cloud cover for the reference simulation. The hemispheres are also averaged in Figure 1 , effectively doubling the sampling (to 32 years) to the extent that the hemispheres are independent from each other. Twin tropical convergence zones form with a maximum mean precipitation rate of 9.4 mm d 21 at 58 latitude. The precipitation drops to half its maximum value at about 10.88 latitude, but the convergence zones are not well separated at the equator: there are no grid points between them with less than half the maximum precipitation. Broad subtropical zones flank the tropics to about 308, and midlatitude storm tracks appear as secondary precipitation maxima around 408. Compared to Earth and more realistic model configurations, the storm tracks are shifted equatorward, but the zonal features are similar otherwise. Other aquaplanet configurations can produce a single equatorial convergence zone that tends to rain more intensely than the twin convergence zones shown in the figure. Whether an aquaplanet develops a single or twin-ITCZ structure depends on the SST distribution/gradient, model formulation, and (possibly) resolution [Williamson and Olson, 2003; Blackburn et al., 2013; Williamson et al., 2013] .
Mean Climate and Variability
The tropical belt of the aquaplanet, defined here as between 6358 latitude, has a thermodynamic structure that is similar to the observed tropics. Figure 2 shows profiles of potential temperature and specific humidity separately for ascending (x 500 < 0) and subsiding (x 500 > 0) regions of the tropics. For comparison, we also include profiles from the ERA-Interim reanalysis [Dee et al., 2011] sampled over tropical ocean locations. Figure 3 shows the zonal mean meridional stream function (W) and the zonal mean zonal wind (u). These fields are used to diagnose the width and strength of the Hadley circulation and the location and strength Journal of Advances in Modeling Earth Systems 10.1002/2015MS000593 of the jet (Table 1) . These diagnostics are known to vary with the prescribed SST distribution, and Medeiros et al. [2015] showed that they also vary across models. approximately 200 hPa. This is the core of the tropospheric jet; the zonal symmetry makes it difficult to distinguish the subtropical and eddy-driven jets, which are often merged. The surface wind speed and 700 hPa eddy kinetic energy are also listed in Table 1 , providing better estimates of the eddy-driven jet location and strength. Journal of Advances in Modeling Earth Systems 10.1002/2015MS000593 Figure 4 shows the kinetic energy spectrum derived from instantaneous horizontal wind fields at 200 hPa sampled every 6 h for 1 year of the reference simulation. The winds are converted to relative vorticity and divergence fields for the spherical harmonic analysis. The dark solid line shows the mean spectrum, dashed lines show 61r of all the 6-hourly spectra, and the thin lines show the minimum and maximum values. While there is some variation of the spectra, the 61r envelope is quite narrow, showing that short integrations will yield a robust estimate of the mean spectrum. This is especially true at the higher wave numbers where dissipation becomes important. We include the n 23 reference line for comparison. The kinetic energy spectrum falls off faster than the n 23 power law of observations [Nastrom et al., 1984] but is similar to other global model simulations [Skamarock, 2004; Skamarock et al., 2014; Thatcher and Jablonowski, 2015] . The results presented here appear more dissipative than previous results with the same dynamical core with realistic geography [e.g., Evans et al., 2013] , i.e., the spectrum is steeper and falls off faster with wave number than their Figure 4 . An additional experiment (not shown) tested whether the stronger dissipation is the result of an increased fourth-order divergence damping that was implemented in the model to reduce spurious noise , but that change only impacts the largest wave numbers. We have also confirmed that the steeper-than-n 23 scaling is present for a similar aquaplanet simulation using the older CAM4 physics with the same FV dynamical core, and that Earth-like simulations more closely follow a n 23 power law. It is not obvious why aquaplanets would have different kinetic energy spectra than Earth-like configurations considering the prevailing theory that the n 23 scaling emerges from the large-scale circulation being analogous to 2-D turbulence [Charney, 1971] . It is possible that topography impacts the spectrum, but there is also some evidence (S.-H. Park, personal communication, 2015) that the slope in the range 10 n 100 is somewhat dependent on the vertical level used for ) for the reference simulation; the zero contour is thicker and darker and easterly winds are dashed. a All values are based on monthly means. The zonal mean meridional stream function is vertically averaged from 700 to 300 hPa, and / W is estimated by linear interpolation. All other latitudes are determined after interpolating the zonal mean to a 0:1 grid. The micro-1 dyn simulation was first interpolated to the finite volume horizontal grid. Interpolation to the 0:1 results in similar values as using the coarse latitude grid; changing the estimate to be the time-average of the monthly position also results in only small changes (i.e., less than one grid point). Underlined values are statistically different from the reference run using a two-sided (Welsh's) t test.
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the analysis, with lower levels more closely following a n 23 scaling (note that the level used by Evans et al. [2013] is 250 hPa while we have used 200 hPa). Figure 6 shows the symmetric and asymmetric (normalized) wave number-frequency spectra to illustrate the equatorial variability [Wheeler and Kiladis, 1999] . The total precipitation in the equatorial band (6158 latitude) is used to include the twin-ITCZ structure and the subtropical inflow regions. Kelvin waves are the most apparent source of variability in the symmetric component, but westward equatorial Rossby waves with small zonal wave number (k < 4) and some easterly waves at larger wave numbers and frequencies are also apparent. Those easterly waves also appear in the antisymmetric component along with fast equatorial inertial gravity waves. These results are qualitatively similar to other aquaplanet simulations ].
An aspect of both aquaplanet and realistic simulations that has been increasingly used in recent years is the frequency distribution of precipitation. Among other reasons, the frequency distribution of precipitation can be used as a proxy for extreme meteorological events like tropical cyclones or atmospheric rivers. In reality, these extreme events can have important societal impacts, and therefore there is a perceived need to represent them in climate models. Though the coarse resolution of the present simulations precludes a detailed simulation of many such events, Figure 7 shows that the model is capable of producing 6-hourly tropical (6158 latitude, as for Figure 6 ) rainfall rates of more than 300 mm d 21 . The figure also separately shows the distributions from the parameterized convection and the grid-scale precipitation schemes; as previous studies have shown [e.g., Bacmeister et al., 2014] , the most extreme events are entirely represented by the grid-scale scheme. A sense of the variability of the distribution is provided by the spread distributions using different sampling, which is later discussed. Three additional details of these distributions have also emerged. First, the shallow convection scheme contributes most of the heavy convective precipitation (all of it beyond 110 mm d 21 , not shown). Second, the grid-scale precipitation is sometimes less than zero.
The negative precipitation occurs when the sublimation of snow removes more than the available snow mixing ratio in the microphysics parameterization. The microphysics calculates an adjustment to ensure 
energy and mass conservation in each column at each time step, but no adjustment is applied to the diagnostic precipitation. Third, the frequency of zero precipitation is very small for total rainfall (less than 1 in 10 5 , see the dots on the figure), but is much larger for both convective and grid-scale precipitation (greater than 1 in 100 for each). This means that the two parameterizations rarely produce zero rainfall simultaneously, and therefore it is quite rare for the model to produce no rainfall: it happens with about the same frequency as 200 mm d 21 . Figure 8 gives an overview of the atmospheric energy budget components using the framework of the vertically integrated moist static energy, h5c p T1gz1Lq. The vertical integral (^ Ð pT p0 Ádp=g) applied to the thermodynamic and moisture equations reduces the budget ofĥ to fluxes at the boundaries [e.g., Neelin and Su, 2005; Muller and O'Gorman, 2011] . The result can be written as @ĥ1u Á rĥ5E1H1Q where E is the evaporation (in W m 22 ), H is the sensible heat flux, and Q is the radiative flux divergence across the atmosphere. The radiative heating is usually written as the difference of the TOA and surface fluxes, Q 5 Q S 1 Q T . It can also be written as the sum of the clear-sky component and the atmospheric cloud radiative effect, 
Q allsky 5Q clear 1Q ACRE [Fermepin and Bony, 2014] , and that is the form displayed in the figure. The predominant balance is between the evaporation and clear-sky cooling, but clouds provide energy to the atmosphere in the deep tropics and are a cooling influence elsewhere. Sensible heating is a minor contributor to the aquaplanet energy balance.
Sampling Statistics
In the previous section, we provide a view of the aquaplanet climate based on a 16 year integration. One of the potential advantages of such an aquaplanet configuration is the ability to generate a robust climate with a relatively short simulation. This section simply asks how long such a simulation needs to be to clearly discern differences between simulations. In designing the statistics in this section, the assumed usage is for comparing simulations with significant physical differences (such as those in section 5); therefore, the necessary sampling provides an indication of variability in quantities of interest. More subtle differences may require different metrics and longer simulations.
The most basic quantity to test is the global mean. To determine the robustness of global mean quantities, we use all monthly mean output from the 16 year reference simulation with the assumption that 192 (13 spin-up) months establish a stable climate and allows a reasonable estimate of the population mean and standard deviation which are constructed from the area-weighted global average of each field. To estimate a mean value with a margin of error, M, one requires
samples, where we take z 2 to be 4 for the 95% confidence level [Thompson, 2012] . For convenience, we choose a relative margin of error of 5% of the mean (M50:05 v for each field v, where the overbar is the time mean of the monthly global means) and r is the standard deviation of the monthly global means. The interpretation is that n monthly samples are required to estimate the mean within 5% at the 95% confidence level. For 3-D quantities, the sample size determination is done at each model level (i.e., we do not interpolate to pressure levels).
For most fields, less than 6 months of simulation are necessary to obtain a robust estimate of the global mean. Many fields require 2 months or less. We have neglected the impact of ''spin-up'' in this analysis with the assumption that the atmosphere adjusts relatively rapidly from arbitrary initial conditions (a month or so). The simulations used here are started from previous aquaplanet conditions, so the adjustment should be quite rapid. Table 2 presents several fields as examples. The estimate of n should be considered as guidance only, especially for fields with small global means (when the margin of error in the denominator becomes very small). As a check on the estimates, we also performed experiments in which the global means are resampled using n months (or a minimum of 2), averaged, and compared to the long-term average using a t test. In most instances, n months provide a good estimate of the mean. Some fields required larger samples, usually n 1 1 months but sometimes much more. As an additional test, random, normally distributed synthetic data were generated with the same mean, variance, and population size as the reference simulation and sampled in the same way; the results provided similar results, supporting the estimate of n in Table 2 .
We have included surface pressure in Table 2 as an example of a field that nearly instantaneously captures its global mean; total dry atmospheric mass is conserved, so the variation of the global average is only due to water loading variability. As such, column-integrated water vapor (aka precipitable water) is also included Figure 8 . Zonal mean sensible heat flux (H), surface evaporation (E), clear-sky radiative heating (CLEAR), and atmospheric cloud radiative effect (ACRE) from the reference simulation. On the other end of the spectrum are fields that have long-term global means that approach zero but with nonzero month-to-month variability. Table 2 includes the meridional wind component as an example which fails to produce a reasonable n. Of course, the example of the wind components is rather contrived, as evidenced by the positive-definite square of the same components, which show values of only a few months. Based on this analysis, if global means are the primary interest, a 1 year simulation is likely to produce robust results.
Another common diagnostic produced from climate models are zonal averages. These are used frequently for both aquaplanet and realistic orbital geometries and geographies. How long should an aquaplanet simulation be to capture the zonal mean structure of the 16 year simulation? To answer, we take contiguous, nonoverlapping time samples of length 1 ' N 2 months (where N is the total number of months), compute the zonal average and correlate each time sample with the 16 year zonal average. We construct a metric from the proportion of these correlations with coefficients r ! 0:99 with p 0:01. A conservative estimate of the sampling length required to reproduce the long-term zonal mean structure can then be defined as the first sampling interval length in which this metric is unity. For example, the vertically integrated low cloud amount requires a 19 month average to reproduce the long-term zonal average robustly, meaning that all 19 month samples within the 16 year simulation produce zonal means that correlate with the long-term zonal mean at r ! 0:99 and p 0:01. Values for other fields are shown by n ZONAL in Table 2 . This simple correlation-based metric has several shortcomings, including that the threshold ratio would likely need to be reduced for much longer control simulations because the probability of fulfilling the correlation criterion decreases with increasing N. Other metrics could be constructed, for example by using the sample RMSE compared to the average monthly RMSE; in our testing, other metrics also generally produced sample sizes of less than 3 years.
For the most part, Table 2 suggests that about 2 years is sufficient to produce suitably robust zonal mean structures. For radiative fluxes, which are controlled by the externally imposed forcing from the sun and the fixed surface temperature, a month or two reproduces the long-term average. Distributions of precipitation and water require a few months. The circulation takes somewhat longer sampling, and again the weak meridional wind component shows the longest sampling requirements, except for surface pressure. The zonal mean surface pressure requires more than 6 years of monthly means. While observations and realistic simulations also show the greatest surface pressure variability at high latitudes, this aquaplanet configuration has additional variability because the imposed surface temperature is 08C over the polar regions (608-908), so temperature gradients vanish, creating a highly variable circulation in the polar regions (cf. Figure 1) . While this aspect of the SST distributions of Neale and Hoskins [2000] is known, it is worth reiterating that a more realistic surface temperature field is desirable for studies of high-latitude phenomena.
The precipitation distributions of Figure 7 also suggest qualitative convergence of the precipitation distribution for samples of about 2 years. The figure shows three sampling intervals applied to the 6-hourly tropical precipitation rates: 1, 2, and 3 year intervals. The 16 year record is divided into these intervals; the colored contours show the spread of the resultant distributions. Especially for the smaller precipitation values (i.e., <100 mm d 21 ), which account for most of the total precipitation, the three sampling strategies collapse, suggesting that for typical precipitation rates even a 1 year simulation is likely to produce a reasonable estimate of the distribution. As events become extreme and rare, the figure suggests that 1 year sampling is likely to miss the most extreme events, but the 2 and 3 year intervals appear close to convergence. Using the same sample size for the three strategies, that is taking five 1, 2, and 3 year averages, supports this conclusion, but as expected the smaller number of years shows less spread for the 1 year averages. The ranges shown by Figure 7 provide guidance for interpreting the comparison with other simulations, as will be shown in the next section.
A question that arises when constructing the precipitation distributions of Figure 7 is whether a 6 h accumulation period provides an adequate representation of the simulated rainfall. Although it seems suitable
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and natural for comparison with observations, it is plausible for example, that extreme precipitation events in the model occur in a single or a few time steps, so the 6 h accumulation estimate could be biased. To address this concern, Figure 9 shows the precipitation distribution constructed with six accumulation periods from a single 30 min time step to a full day. The different accumulation periods qualitatively converge at about 6 h for the total and grid-scale precipitation. This finding supports the use of 6 h accumulations in most applications. The convective precipitation shows timestep-level behavior, however, so when interested in the detailed behavior of the convection scheme, time-step-level output may be necessary. Interestingly, even with time step level output, the frequency of zero total precipitation is still much lower than the two components, so it is quite rare to find a tropical grid point without rain.
Aquaplanet Variations
In this section, we show some results that expose the sensitivity of the aquaplanet climate to model changes. The model sensitivity shown here emphasizes that there is no unique nor correct CAM5 aquaplanet. The choice of configuration depends on the problem of interest. Because such choices must be made, aquaplanet simulations should be compared to baseline simulations such as presented above, and differences assessed with the model modifications in mind.
Aerosol-Cloud Interaction
An alternative model configuration was also evaluated as a possible standard CAM5.3 aquaplanet; the model is identical but the cloud droplet nucleation is determined from the prognostic aerosol concentration, thus allowing aerosolcloud interactions (we refer to this run as aci). The aerosol is predicted based on surface emissions that are prescribed externally except for sea-salt and dust emissions which are diagnosed based on wind speed [Liu et al., 2012] . As mentioned above, specifying the surface emissions for an aquaplanet is ambiguous. For this configuration, all surface emissions are set to zero except dimethylsulfide (DMS) which is constructed by zonally averaging the default emissions from ocean grid points and symmetrizing about the equator. Sea-salt emissions are diagnosed from the wind speed like normal; dust emissions are not included because there are no land grid points. As will be shown here, the climate is similar to the reference simulation in most regards, but Figure 9 . Sixteen year average frequency distribution using different accumulation periods (colors). The 30 min distribution is constructed from 2 years of 30 min output.
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there are some significant cloud differences. We note that this simulation does not completely equilibrate during its 16 years for some aerosol-related fields (there are very small trends, with minimal effects on the rest of the solution). This should have little bearing on the results presented here, but it could be relevant for studies of aerosol effects with the aquaplanet. In terms of the active processes, this configuration is more consistent with the standard Earth-like configuration because it includes ACI based on prognostic aerosol fields.
The large-scale circulation of the aci simulation is similar to the reference case, to such an extent that many of the diagnostic quantities appear identical and are not shown. These include the zonal stream function and zonal mean zonal wind (Figure 3) , the kinetic energy spectrum (Figure 4) , and even the atmospheric energy budget (Figure 8 ). There are some small quantitative differences in the mean circulation, as seen in Table 1 (underlined values are statistically different from the reference case at greater than 95% confidence using a t test), but overall the mean circulation appears nearly unchanged by including ACI. These small differences are shown for the zonal stream function and zonal mean zonal wind in Figure 10 , where the circulation differences appear as small shifts (both horizontal and vertical) from the reference simulation's circulation.
The zonal mean total cloud cover and precipitation are somewhat altered by the aerosol assumption, as shown in Figure 11 (blue and green curves). The impact of including aerosol effects is to slightly enhance and shift poleward the ITCZ. The aci run also reduces cloud fraction across the tropics. Figure 12 shows that this decrease in cloud cover is due to a decrease in low-level and mid-level cloud fraction in the convective regimes, but a decrease in upper level clouds and a shoaling of the low-level cloud layer in the subsiding regimes. Along with the change in cloud fraction, the aci run has substantially smaller average droplet number, cloud water content, and cloud droplet effective radius (not shown). The small cloud droplet number and water content indicates that the aci run has an ''ultra pristine'' environment that inhibits cloud formation because of a lack of condensation nuclei. The cloud fraction, however, is based on relative humidity, so the cloud fraction masks most of the difference between the simulations. The disconnect between cloud fraction and microphysical properties manifests in the CRE ( Figure 11) ; the aci run has a substantially weaker shortwave CRE. To test the sensitivity to choices of the specified droplet concentration and DMS emissions, additional simulations were conducted that reduced the prescribed droplet number to 50310 6 m
23
(a modified reference case) and multiplied the aci simulation's DMS emissions by 10. Both modifications showed some expected changes (e.g., reducing the droplet number concentration reduces LWP and SWCRE while increasing emissions increases them), but in general the modified simulations are qualitatively similar to the unmodified ones (e.g., zonal mean total cloud cover and precipitation were nearly unchanged). It may be possible, therefore, to produce a pair of simulations (one with specified droplet number and one with ACI) that have some similar cloud characteristics, but it appears that including ACI is the primary cause of the differences between the reference and aci simulations. Although not investigated here, it is likely that these two configurations will evince different climate responses, for example to imposed SST warming.
Including ACI also appears to have an impact on the tropical variability. Figure 13 shows the wave numberfrequency diagram for the aci simulation. The aci and reference simulations have nearly the same background power, differing by less than 0.5%, allowing the comparison of the normalized wave numberfrequency diagrams. Compared to the reference simulation in Figure 6 , the 3-6 days Kelvin waves of the symmetric component appear stronger. Some of the other features also appear stronger. It is unclear Figure 11 . Total precipitation rate, zonal wind stress, shortwave cloud radiative effect (SWCRE), and total cloud cover for the reference (blue), aci (green), micro (orange), and micro-1 dyn (red) simulations. Blue shading shows the standard deviation of annual averages from the reference simulation. 
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whether the differences in these aspects of the simulations are statistically different, but the possibility that ACI impacts tropical variability warrants closer inspection.
There also appears to be a weak impact of ACI on convective precipitation. Figure 14 shows the precipitation frequency distribution (as in Figure 7 ). While the total and grid-scale precipitation appear quite similar (blue and green lines in top and bottom figures), the aci simulation appears to have enhanced extreme convective precipitation. The origin of this effect is unclear because aerosol effects do not directly impact the parameterized convection, hinting at a feedback process.
Sensitivity to Microphysics
To illustrate the sensitivity of the aquaplanet climate to parameterized physics, a 5 year simulation was conducted with CAM5.4 (svn tag cam5_4_10), a developmental version of the model (see http://goo.gl/ 6OD35g). The primary difference from CAM5.3 is a change in the cloud microphysics scheme: the reference simulation uses the microphysics of Morrison and Gettelman [2008] (MG1) while CAM5.4 uses the update of Gettelman and Morrison [2015] (MG2); the simulation is therefore labeled micro. The differences are detailed by Gettelman and Morrison [2015] , but the main impact illustrated here is from the addition of prognostic precipitation whereby the precipitating condensates have evolution equations for the mass and concentration (adding four prognostic tracers to the model). This version of the model also includes several other changes including (a) a change in the ice nucleation scheme, (b) an update to the prognostic aerosol model, and (c) an increase from 30 to 32 vertical levels. The atmospheric CO 2 was also set to the APE default value of 348 ppm for the CAM5.4 simulations. None of these additional changes seem to strongly impact the results shown here; the aerosol and ice nucleation changes are irrelevant because we prescribed a fixed droplet and crystal number as in the reference simulation. The additional vertical levels are in the stratosphere and have little impact on the troposphere.
The large-scale circulation is largely unaffected by the change in microphysics (Table 1) , but the Hadley circulation is slightly weaker and wider than the reference simulation ( Figure 10 ). Zonal means shown by the orange curves on Figure 11 show that there are differences from the reference simulation (blue curves). The precipitation and cloud cover both are altered, the former mostly in the deep tropics, and the latter in the equatorial region and midlatitudes to high latitudes. The rather large increase in cloud cover in the Figure 13 . As in Figure 6 but for the aci simulation.
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extratropics is consistent with the changes found in similar experiments with realistic geography and orbital parameters. The altered ice nucleation scheme might be expected to impact extratropical clouds without the fixed droplet and crystal numbers, but even in realistic simulations with ACI active the change in microphysics increases cloud cover while the change to nucleation makes nearly no difference.
To quantitatively compare the zonal means to the reference simulation, a simple correlation analysis is performed. As expected from Figure 11 , all correlations are large and significant (p < 0.01); this is a result of the large-scale circulation being organized similarly across the simulations. When the correlation coefficient is greater than 0.99, we classify the zonal means as being statistically identical. For the micro simulation, the zonal means of total precipitation, zonal wind stress, and surface pressure all meet this criterion. The correlation criterion can be satisfied if there is a uniform offset between the zonal means, which can be tested by comparing the means (which are not statistically different for the aforementioned fields).
Along with zonal mean, the precipitation frequency distribution is also altered in the micro simulation. Figure 14 shows a remarkable decrease in the frequency of heavy rain (orange line compared to blue and green). The change arises from the grid-scale precipitation, which also shows an enhancement in weaker rain rates (<80 mm d
21
). Another notable change is the elimination of negative rain rates (left side bin) and an increase in the frequency of zero rainfall (dots).
Sensitivity to Dynamical Core
As a final example, a 5 year simulation is included that builds on the micro simulation from the previous section. With no additional physics changes, the dynamical core is switched from the standard finite volume scheme on latitude-longitude grid to the spectral element (SE) dynamics on a cubedsphere grid with average grid point spacing of about 111 km [Taylor et al., 1997 [Taylor et al., , 2007 Dennis et al., 2012] . The SE dynamical core has several numerical advantages over the FV dynamical core, including that it scales better to very large computational domains making it a candidate for highresolution versions of CESM [see also Bacmeister et al., 2014; Reed et al., 2015; Reed and Medeiros, 2016] . 
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The SE simulation is regridded to the FV lat-lon grid to facilitate calculation of the zonal mean. The cloud cover in the high latitudes is nearly identical to the micro simulation, but there are differences in the subtropics (158-358 latitude). This difference is entirely associated with low-level clouds, which are expected to be predominantly shallow cumulus. Although the physics package is the same between the micro and micro-1 dyn simulations, a parameter that controls the efficiency of penetrative entrainment in the shallow convection parameterization differs between the cases; this parameter was adjusted during model tuning of CAM5.3 using SE with realistic geography. This parameter is known to have a strong impact on boundary layer clouds [e.g., Medeiros et al., 2012] , but an additional simulation that restored the value to that used in the other simulations (i.e., changed back to 10 from the value of 5 used in micro 1 dyn), resulted in making the penetrative entrainment more efficient which exacerbates the reduced cloud cover compared to the micro simulation (not shown). Therefore, this decrease in subtropical cloud cover is not due to differences in model tuning, so it must arise from subtle changes in the balance between the resolved dynamics and parameterizations. Another aspect of this change is the decrease in precipitation rate in the ITCZ and the associated weaker circulation (Table 1, Figure 10 ).
When the zonal means are compared to the reference simulation, the zonal wind stress and surface pressure appear statistically identical (r > 0.99, and mean values are not statistically different), while the others have slightly lower correlations. The cloud cover and CRE differ from the reference simulation substantially, like the micro simulation, but it is worth noting that because of the similar large-scale circulation patterns the correlations are still high (around 0.95 for both the micro and micro 1 dyn simulations).
The KE spectrum differs from the other simulations, as shown by Figure 15 . The different numerical approximations manifest different dissipation at the smaller scales. This behavior is roughly consistent with other comparisons of these dynamical cores [Evans et al., 2013] , but the spectral element dynamics appears to become more dissipative than the finite volume at larger scales than in previous comparisons. This behavior is linked to a damping coefficient that is too large (future versions should be less strongly damped, P. Lauritzen, personal communication, 2015) , but it is unlikely that aquaplanet scaling would return to the more Earth-like 23 behavior. The further decrease in the frequency of extreme precipitation in Figure 14 is probably attributable to the increased small-scale damping.
Conclusions
A reference aquaplanet simulation has been presented using the CAM5.3 codebase. The model is nearly unmodified from the default, but a simplification has been made to remove aerosol-cloud interactions by specifying droplet and crystal numbers. The 16 year simulation provides a steady climate with statistics that provide guidance for the required length of aquaplanet simulations. While global mean fields are often Figure 15 . The kinetic energy spectra for the reference simulation (black, from Figure 4 ) and the micro 1 dyn simulation using the spectral element dynamical core (red).
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robust with a sample of only a few months, zonal means and precipitation distributions require approximately 2 years based on some simple metrics defined in section 4.
An important aspect of this work is to point out that there is no unique CAM5 aquaplanet; the reference simulation presented is chosen because it matches model comparison efforts and keeps with the idealized philosophy of the aquaplanet approach. From this perspective, the reference simulation provides a simple baseline against which other aquaplanet simulations can be compared. To that end, the reference simulation output is available via the Earth System Grid at NCAR (www.earthsystemgrid.org). The other simulations described in this work are available upon request.
Three examples of variations on the aquaplanet configuration are provided and compared with the reference case. An alternative configuration that includes ACI produces a climate which is similar to the reference simulation in many aspects, but there are substantial differences in clouds which would likely impact climate response to external forcing changes. Similarly, simulations with a different dynamical core and with updated microphysics also show similar climates to the reference, but with interesting differences. The microphysics change-primarily including prognostic precipitation-alters the distribution of cloud, especially in the extratropics. The dynamical core not only shows changes in the dissipation of energy at small scales, similar to previous comparisons, but also shows reduced tropical precipitation and subtropical cloud cover compared to the micro simulation. Both have weaker circulations than the reference case. Using the diagnostics presented here, changes in the idealized climate can be tracked throughout the model development process. An attractive aspect of aquaplanets is that simulations can be relatively short, as demonstrated by section 4, allowing rapid diagnostic evaluation of the simulated climate.
